We report the discovery of HD 156668 b, an extrasolar planet with a minimum mass of M P sin i = 4.15 M ⊕ . This planet was discovered through Keplerian modeling of precise radial velocities from Keck-HIRES and is the second super-Earth to emerge from the NASA-UC Eta-Earth Survey. The best-fit orbit is consistent with circular and has a period of P = 4.6455 d. The Doppler semi-amplitude of this planet, K = 1.89 m s −1 , is among the lowest ever detected, on par with the detection of GJ 581 e using HARPS. A longer period (P ≈ 2.3 yr), low-amplitude signal of unknown origin was also detected in the radial velocities and was filtered out of the data while fitting the short-period planet. Additional data are required to determine if the long-period signal is due to a second planet, stellar activity, or another source. Photometric observations using the Automated Photometric Telescopes at Fairborn Observatory show that HD 156668 (an old, quiet K3 dwarf) is photometrically constant over the radial velocity period to 0.1 mmag, supporting the existence of the planet. No transits were detected down to a photometric limit of ∼3 mmag, ruling out transiting planets dominated by extremely bloated atmospheres, but not precluding a transiting solid/liquid planet with a modest atmosphere.
INTRODUCTION
The search for low-mass planets is driven by a desire to observationally study the full range of planetary systems in order to better understand their formation, dynamics, composition, and diversity. We also seek Earth-like worlds of terrestrial composition as a goal in itself and as targets for future transit and imaging observations. This search has taken several leaps forward recently because of instrumental improvements. The precision of radial velocity (RV) measurements with Keck-HIRES by the California Planet Survey (CPS) group (Howard et al. 2009b) , HARPS (Lovis et al. 2006) , and the AAT (O'Toole et al. 2009 ) has now reached 1 m s −1 or better and has led to the discovery of several super-Earths around nearby, bright stars. Ground-based transit surveys such as MEarth (Charbonneau et al. 2009 ) and HATNet (Bakos et al. 2009 ) have made important discoveries of transiting lowmass planets. Microlensing searches have detected two super-Earths orbiting distant stars (Beaulieu et al. 2006; Bennett et al. 2008 ) and the statistics of microlensing detections suggest than cold Neptunes are a factor of three more common that cold Jupiters (Sumi et al. 2009 ). From space, CoRoT has found a system with two superEarths (one of which transits; Léger et al. 2009 ) and Kepler is poised to detect true Earth analogues in 1 AU orbits using transit photometry with a precision of 20 ppm in 6.5 hr (Borucki et al. 2009 ). In the next decade, SIM Lite (Unwin et al. 2008 ) will astrometrically characterize essentially all planets down to Earth mass orbiting ∼100 nearby stars, as well as the more massive planets orbiting ∼1000 stars.
The Eta-Earth Survey plays a unique role in the study of low-mass exoplanets. The population of 230 GKM stars in the survey is nearly free of statistical bias since the stars were not chosen based on their likelihood of harboring a planet, but rather on proximity, brightness, and chromospheric activity. Each star is observed at least 20 times, insuring a minimum detectability threshold. Thus, the distributions of planet detections and non-detections from the Eta-Earth Survey will yield a wealth of information about the efficiency and mechanisms of planet formation as well as the range of subsequent dynamical histories. The 20 survey observations per Eta-Earth Survey target are nearly complete and we are aggressively re-observing several promising candidate low-mass planets.
Current theories of planet formation (Ida & Lin 2004; Mordasini et al. 2009 ) are consistent with the measured distributions of massive planets (Saturn mass and above), but their predictions for the abundance and properties of low-mass planets are only now being observa- tionally tested. In particular, they predict a dearth of planets below roughly Saturn mass in orbits inside the ice line. Such planets are predicted to be rare because once a planet core grows by planetesimal accretion to a of threshold mass of ∼10 M ⊕ , it undergoes runaway gas accretion and becomes a gas giant. While these theories consistently predict such a "planet desert", they differ in the contours of the desert in M and a as well as whether the planets below the critical core mass survive Type I inward migration in significant numbers. In this context we announce the discovery of HD 156668 b, a super-Earth planet with minimum mass M P sin i = 4.15 M ⊕ and an orbital period of P = 4.6455 d. This is the second super-Earth (M sin i < 10 M ⊕ ) to emerge from Keck observations explicitly for the NASA-UC Eta-Earth Survey, the first being HD 7924 b (Howard et al. 2009b) . The remainder of this paper is structured as follows. We describe the host star properties in § 2. The spectroscopic observations and their Doppler reduction are described in § 3. In § 4, we describe the detection of the P = 4.6455 d orbit of HD 156668 b, and the high-pass filtering of the RV data that was necessary to obtain good estimates of the orbital parameters. In § 5 we carefully consider the null hypothesisthe non-existence of HD 156668 b-using S HK measurements, photometric observations, and FAP analyses. We summarize and discuss the implications of this discovery in § 6.
STELLAR PROPERTIES
HD 156668 (HIP 84607) is a K3 dwarf (Gray et al. 2003) whose properties are summarized in Table 1 . It is nearby (d = 24.5 pc; van Leeuwen 2007) and relatively bright (V = 8.424; Høg et al. 2000) . With M V = 6.480 and B − V = 1.015, the star lies near the Hipparcos average main sequence as defined by Wright (2005) .
Using the SME (Spectroscopy Made Easy) LTE spectral synthesis code (Valenti & Fischer 2005) , we analyzed two high-resolution, iodine-free Keck-HIRES spectra of HD 156668 and found the effective temperature, surface gravity, projected rotational velocity, and iron abundance ratio listed in Table 1 . The errors on these four quantities have been conservatively doubled from the formal SME parameter uncertainties because the stellar atmosphere models are less certain at low T eff (the SME catalog (Valenti & Fischer 2005 ) models stars down to T eff = 4800 K). We refined the above parameters and derived stellar mass, radius, and luminosity from SME and interpolated Yonsei-Yale (Y 2 ) isochrones (Demarque et al. 2004 ) using an iterative process that self-consistently ties together the SME and Y 2 values of log g (Valenti et al. 2009) . HD 156668 appears to be a typical middle-aged K dwarf. Its slightly super-solar iron abundance of [Fe/H] = +0.05 ± 0.06 is consistent with its location near the average main sequence.
Measurements of the cores of the Ca II H & K lines show that HD 156668 has modest chromospheric activity (Fig. 1) . We measured the chromospheric activity indices S HK = 0.23 and log R ′ HK = −4.98 using the method described Wright et al. (2004) and Isaacson & Fischer (2009) . The full set of S HK measurements for all observations of HD 156668 does not show a periodicity near the planet's orbital of 4.6455 d (see § 5.3 for additional discussion).
We estimate a rotation period P rot ∼ 48 d using R ′ HK and B − V calibration (Noyes et al. 1984) , which is consistent with the 51.5 d period measured by APT photometry (see § 5.2). Following Wright (2005) , and based on the values of S HK , M V , and B − V , we estimate an RV jitter of 1.5 m s −1 . This empirical estimate is based on an ensemble of stars with similar characteristics and accounts for RV variability due to rotational modulation of stellar surface features, stellar pulsation, undetected planets, and uncorrected systematic errors in the velocity reduction (Saar et al. 1998; Wright 2005) . As explained in § 4, jitter is added in quadrature to the RV measurement uncertainties for Keplerian fitting.
HD 156668 has several important characteristics that make it a nearly ideal RV target star. Like other old, chromospherically quiet stars with spectral types from late G to early K, HD 156668 appears to be near the minimum of astrophysical jitter arising from acoustic oscillations, granulation, and photospheric activity (see § 5.3 and Figure 7 ). The star is relatively bright, yielding high signal-to-noise spectra in ∼4-5 minutes per observation.
HIRES OBSERVATIONS AND DOPPLER REDUCTION
We observed HD 156668 with the HIRES echelle spectrometer (Vogt et al. 1994) on the 10-m Keck I telescope. The 107 observations span five years (2005) (2006) (2007) (2008) (2009) ) with high-cadence observations-clusters of observations on 6-12 consecutive nights-beginning in 2007. All observations were made with an iodine cell mounted directly in front of the spectrometer entrance slit. The dense set of molecular absorption lines imprinted on the stellar spectra provide a robust wavelength fiducial against which Doppler shifts are measured, as well as strong constraints on the shape of the spectrometer instrumental profile at the time of each observation (Marcy & Butler 1992; Valenti et al. 1995) .
We measured the Doppler shift from each star-timesiodine spectrum using a modeling procedure modified from the method described by Butler et al. (1996) . The most significant modification is the way we model the intrinsic stellar spectrum, which serves as a reference point for the relative Doppler shift measurements for each observation. Butler et al. use a version of the Jansson (1995) deconvolution algorithm to remove the spectrometer's instrumental profile from an iodine-free template spectrum. We instead use a new deconvolution algorithm developed by one of us (J. A. J.) that employs a more effective regularization scheme, which results in significantly less noise amplification and improved Doppler precision. Figure 2 shows RV time series for four stable stars with characteristics similar to HD 156668, demonstrating our measurement precision of ∼1.5-2.0 m s −1 (including astrophysical, instrumental/systematic, and photonlimited errors) for chromospherically quiet late G/early K stars over the past 5 years. All of the measurements reported here were made after the HIRES CCD upgrade in 2004 August and do not suffer from the higher noise and systematic errors that limited the precision of preupgrade measurements to ∼2-3 m s −1 for most stars. The velocities derived from the 107 observations have a median single measurement uncertainty of 1.01 m s −1 . This uncertainty is the weighted standard deviation of the mean of the velocity measured from each of the ∼700 2Å chunks in each echelle spectrum (Butler et al. 1996) . In a few cases, we made consecutive observations of HD 156668 to reduce the Poisson noise from photon statistics. For the Keplerian orbital analysis below ( § 4), the velocities were binned in 2 hr intervals, yielding 86 measurements with an rms of 2.71 m s −1 about the mean and a median measurement uncertainty of 0.99 m s −1 .
ORBITAL ANALYSIS
The measured radial velocities of HD 156668 are listed in Table 3 and plotted as a time series in Figure 3a . Before any fitting or filtering, these velocities already have a low rms, σ = 2.71 m s −1 . However, long-term trends, coherent over at least several months, are apparent by visual inspection of Figure 3a (see, e.g., the downward trend in 2007). These trends manifest themselves in a Lomb-Scargle periodogram (Lomb 1976; Scargle 1982) of the data as long-period power concentrated near ∼2.3 yr (Figure 3e ).
The RVs also show a significant periodicity near 4.647 d with power than exceeds the 0.1% FAP threshold 10 . A second short-period peak is visible at 1.270 d, but this peak is a stroboscopic alias of the 4.647 d signal with the sidereal day length (see § 5.4). We attempted to fit the radial velocities with a single-planet Keplerian orbital solution seeded with P = 4.647 d using a partially-linearized, least-squares fitting procedure (Wright & Howard 2009 ). Each velocity measurement was assigned a weight constructed from the quadrature sum of the measurement uncertainty (listed in Table 3 ) and a stellar jitter term (1.5 m s −1 ). The fitting routine converged on a robust solution with P = 4.6455 d, e = 0.39, and K = 2.28 m s −1 . This model gives σ = 2.33 m s −1 and χ ν = 1.70, a significant improvement over a linear model to the data.
We also tried fitting the long-period signal with a single-planet Keplerian model. We seeded the fitting routine with a range of periods and found a best-fit solution with P = 791 d (2.17 yr) and a poorly constrained eccentricity when that parameter is allowed to float. The im-10 The false alarm probability (FAP) thresholds plotted as dashed horizontal lines in the periodograms in Figure 3 refer to the probability that periodograms of random rearrangements of the data would exceed the specified power level. Since periodograms only measure the power of sine wave fits to the data (i.e. circular orbits), these FAPS are less conservative than the ones described in § 5.1 that allow for eccentric orbits and use the ∆χ 2 ν statistic. provements in σ and χ ν for this model are comparable to those from the P = 4.6455 d model described above. However, the poorly constrained and high eccentricity of the fit and the uneven phase coverage render the interpretation of this signal suspect. We cannot be sure if it is due to a planet in Keplerian motion, an astrophysical signal such as chromospheric activity masquerading as a RV change of the star, or some other effect.
Whatever the source of the long-period signal, its effect is to obscure the short-period signal. We considered several ways to high-pass filter the RVs to isolate the short-period signal. A key requirement of such a filtering process is that it leave the short-period signal untouched. We concluded that fitting the data to a two-planet model plus a linear trend would robustly separate the long and short-period signals, allowing for accurate parameter estimation for the shortperiod signal and a fair assessment of its statistical significance. The fitting routine converged on a robust solution with Keplerian parameters for the inner planet listed in Table 2 . We adopt these parameters for HD 156668 b. The "outer planet" in this model has P = 2.31 yr, e = 0.48, K = 4.05 m s −1 , ω = 178 deg, Figure 3 . We emphasize that the outer planet in this fit is only a convenient model for the data, effectively serving as a high-pass filter to isolate the signal of the inner planet. Determining whether the longperiod signal represents a planet will require additional RV measurements and diagnostic data. The phased orbital solution for HD 156668 b is shown in Figure 4 . The Doppler semi-amplitude of K = 1.89 m s −1 is extremely low and is nearly equal to the 1.80 m s −1 typical error for single measurements (including jitter). The resulting minimum mass of M sin i = 4.15 M ⊕ is also extremely small, and is the second lowest reported to date using the RV technique. We adopted a circular orbit because the uncertainty on the eccentricity (e = 0.20 ± 0.17) is significant when that parameter is allowed to float in the two-planet fit. Further, the best-fit eccentric orbit model did not show a statistically significant improvement in χ ν compared to the circular orbit model.
The Keplerian parameter uncertainties were derived using a Monte Carlo method (Marcy et al. 2005) . The uncertainty estimates on M sin i and a account for the uncertainty from M ⋆ . With five years of observations of this short-period planet, the error on P is quite small (one part in 4000).
THE NULL HYPOTHESIS
In this section we explicitly consider the null hypothesis. That is, we consider whether the P = 4.6455 d signal we identified as due to a low-mass planet in Keplerian motion could be due to another source. Such an analysis is motivated by the extremely low amplitude signal (K = 1.89 m s −1 ) and because of the use of high-pass filtering.
False Alarm Probabilities
We considered the possibility that the P = 4.6455 d signal arose from the chance arrangement of random, statistically independent errors in the RVs by computing FAPs for several fits to the data (Marcy et al. 2005; Cumming 2004; Howard et al. 2009a,b) . These FAPs compare the measured data to 1000 scrambled data sets drawn randomly with replacement from unscrambled data. For each data set we compare a best-fit Keplerian model to the null hypothesis (a linear fit to the data) by computing ∆χ ν as the goodness-of-fit statistic, instead of other measures such as χ ν for a Keplerian fit, to account for the fact that the scrambled data sets, drawn from the original velocities with replacement, have different variances, which sometimes artificially improve the fit quality (i.e. some scrambled data sets contain fewer outlier velocities and have lower rms). Note that this FAP does not measure the probability of non-planetary sources of true velocity variation masquerading as a planetary signature.
We computed an FAP for the "two-planet model" (with the long-period planet acting as a high-pass filter) by comparing ∆χ 2 ν for the actual data with ∆χ 2 ν for two-planet fits to scrambled sets of the high-pass filtered data with the unscrambled long-period signal added back in. This FAP has a value of 0.3% (3/1000) and tests whether the statistical significance of the short-period signal is somehow enhanced by simultaneously fitting for a long-period signal.
We also computed the FAP for a 1-planet fit to the high-pass filtered data. We compared ∆χ 2 ν for the unscrambled, filtered data set and scrambled versions thereof. This FAP tests whether the short-period signal is a statistical fluctuation, while assuming that the longperiod signal is real (but still of unknown origin). We found an FAP of 0.4% (4/1000) for this scenario (with eccentricity unrestricted in the fits to scrambled data sets). We note that all four of the false alarm solutions had best-fit parameters that appeared unphysical: high eccentricity (e > 0.5) and short period (P < 10 d). (We regard them as unphysical because short-period planets are almost universally in near circular orbits.) Such spurious, high eccentricity solutions often appear as the bestfit solution to low rms RV data lacking a coherent signal. When we restricted the fits of scrambled data sets to circular orbits (as we did with the actual measurements), the FAP dropped to < 0.1% (0/1000).
We conclude that the P = 4.6455 d signal is statistically significant. Considering all of the FAP tests, we estimate that the probability that this signal arose just due to random errors is less than 1% and probably on the order of 0.1%.
Photometric Observations
In addition to the Keck RVs, we obtained contemporaneous Strömgren b and y photometric measurements with the T10 0.80 m automatic photometric telescope (APT) at Fairborn Observatory in Arizona. This APT is identical to the T8 APT that was used to acquire photometric observations of HD 7924 in the first paper of this series (Howard et al. 2009b) . (That paper mistakenly identified the APT used as the T12 0.8 m APT.) Our observing procedures and data reduction procedures in this paper are identical to those described in Howard et al. (2009b) .
Our These D − (B + C)/2 magnitudes in the (b + y)/2 passband are shown in the top panel of Figure 5 . The gaps following the longer runs of data are due to the necessity of shutting down APT operations during the summer rainy season in Arizona. The gaps following the shorter data groups are the normal seasonal gaps for HD 156668. A summary of the photometric observations is given in Table 3 . Column 5 indicates that the seasonal mean magnitudes vary over a range of ∼1 mmag, which is typical for solar-type stars with modest chromospheric activity (see, e.g., Lockwood et al. 2007 ).
The vertical bars in the top panel of Figure 5 encompass the portion of the D − (B + C)/2 light curve that most clearly exhibits coherent variability that might be due to rotational modulation of spots on the star's photosphere (see, e.g., Henry et al. 1995) . That section of the light curve is replotted in the second panel. Straight line segments approximate the 2.5 cycles of the purported brightness variability.
Plotted in the third panel of Figure 5 is the frequency spectrum of the observations from panel two, showing a clear periodicity of 51.5 d. In the bottom panel, the same observations are phased to the 51.5 d period and a time of minimum computed with a least-squares sine fit to the observations. The sine fit also gives a peak-to-peak amplitude of 2.3 ± 0.3 mmag.
We take the 51.5 d period to be the rotation period of HD 156668. This is consistent with v sin i = 0.5 km s −1 and is very close to the rotation period of 48 d predicted from its level of chromospheric activity.
The APT photometry is also useful for confirming that observed RV variations are due to a planetary companion and not stellar surface activity. Queloz et al. (2001) and Paulson et al. (2005) have demonstrated how rotational modulation in the visibility of star spots on active stars can result in periodic RV variations and their misinterpretation. All 477 photometric observations of HD 156668 are plotted in the top panel of Figure 6 , phased with the 4.6455 d RV period and a time of midtransit computed from the orbital elements. A leastsquares sine fit on that period gives a semi-amplitude of only 0.10 ± 0.11 mmag. This absence of detectable rotational modulation of surface activity to high precision on the RV period provides strong evidence that the RV variations arise from a super-Earth companion.
The bottom panel of Figure 6 replots the photometric observations that lie near the predicted time of transit. The solid curve shows the predicted depth (3.1 mmag) and duration (±0.011 phase units) of a central transit, computed from the orbital elements and stellar properties with an assumed planetary composition of pure hydrogen. That such shallow transits can be detected with the APTs has been shown by Sato et al. (2005) , who used the T11 APT to discover the 3 mmag transits of HD 149026b. The dotted line across the transit window corresponds to the expected depth (0.6 mag) of a hypothetical planet composed of entirely water. Our observations show that transits with a depth of 3.1 mag probably due not occur, essentially ruling out transits of a hydrogen planet. Additional precise photometry is required to rule out other planetary compositions. coherent over typical spot lifetimes (weeks to months) and have periods similar to the stellar rotation period. In § 5.2 we showed that the 4.6455 d signal is not seen in APT photometry, ruling out rotationally modulated spots as the source of the RV periodicity. Here, we use the chromospheric indices S HK and log R ′ HK to strengthen that conclusion further. These indices measure the level of stellar chromospheric activity, which in turn is strongly correlated with the magnetic activity of the stellar photosphere.
Some stars also show long-term chromospheric activity cycles as the average number of spots rises and falls with the solar cycle, typically with a timescale of ∼10 yr. These cycles are sometimes detected as apparent RV shifts and incorrectly interpreted as long-period planets. Figure 7 shows the average value of log R ′ HK for HD 156668 and the other stars in the Eta-Earth Survey with B − V < 1.2. HD 156668 is among the least chromospherically active stars of similar spectral type in the Eta-Earth Survey. This is consistent with our limits on photometric variability from APT measurements ( § 5.2) and the small RV residuals to the Keplerian fit.
The values of S HK derived from each Keck-HIRES spectrum are listed in Table 3 and plotted as a time series in Figure 3d . A Lomb-Scargle periodogram of the data is plotted in Figure 3h . Importantly, the periodogram shows negligible power for P 20 d, as expected for a middle-aged star with a predicted rotation period of ∼48 d. This lack of power at periods near 4.6 d strengthens the case for HD 156668 b.
On average, S HK rises with time (Figure 3d ), possibly due to the observation of a partial solar magnetic cycle. This several year long trend is not observed in the RVs (Figure 3a) . One feature of the RV time series is also apparent in the S HK , the declining trend in late 2007. This apparent correlation raises the possibility that the long-period signal that was filtered out of the RVs in § 4 is due to stellar activity. Despite this apparent correlation, the Pearson linear correlation coefficient, r = +0.11, between the unfiltered RVs and the S HK values indicates an insignificant correlation. When we subtract a secondorder polynomial fit to the S HK values, the correlation with the RVs is still statistically insignificant, r = +0.19. Thus, the suggestion that stellar activity explains the long-period signal is not well supported when the entire data set is considered.
Rotational modulation of spots and other surface features can also be detected in the spectral line bisectors (Torres et al. 2005) . However, for this extremely low amplitude signal (K < 2 m s −1 ), detecting line profile variations at the same or higher precision is not possible.
As a final check, we show in Figure 8 that the RV signal from HD 156668 b is strictly periodic and present throughout the observations, as the clock-like signal from a planet should be. The plot shows the periodogram power of the planet rising monotonically as additional measurements are taken. False periodicities, such as those due to spots, typically exhibit periodicities that are only briefly coherent and that may reappear with slightly different periods.
Stroboscopic Alias
We interpret the periodogram spike near 1.270 d (Figure 3) 
DISCUSSION
We present the detection of HD 156668 b, a superEarth planet with minimum mass M P sin i = 4.15 M ⊕ in a P = 4.6455 d orbit around a K3 dwarf. We draw on several lines of evidence to support the existence of HD 156668 b. We showed in § 5.1 that the short-period signal is statistically significant. This signal is apparent in a fit to the unfiltered RVs, and stands out strongly when isolated by high-pass filtering. The host star is middle-aged and quiet, providing a nearly ideal RV target. The planet's short-period signature is not seen in photometric observations or in chromospheric indices. Thus, the evidence strongly points to a planetary interpretation.
To estimate the orbital parameters of HD 156668 b, we found it necessary to apply a high-pass filter to the RVs by subtracting the model of a long-period Keplerian. This model changes slowly over time and clarifies, but does not artificially enhance, the P = 4.6455 d signal of HD 156668 b. Filtering of this type is common in other areas of time domain astronomy (e.g. transit photometry, astroseismology) and is uncommon, but not unprecedented, in RV planet detection. Similar filtering techniques were employed to disentangle the planetary signals of Gl 176 b (Forveille et al. 2009 ) and Gl 674 b (Bonfils et al. 2007) , although in those cases the nonplanetary signal was clearly due to spots modulated by stellar rotation. Queloz et al. (2009) used a "prewhitening" technique to extract the signatures of two super-Earths from the complicated RV time series of the significantly more active star, Corot-7. Further, many exoplanets are announced with a model that includes a linear or second order RV trend, presumably due to a long period orbital companion. The source of the longperiod signal remains unknown and motivates additional measurements. If it is due to a planet, the body has minimum mass ∼45 M ⊕ and orbits with P c = 2.31 yr and a c = 1.6 AU, a cold super-Neptune near the ice line.
We see no evidence for transits of HD 156668 b down to a level of ∼3 mmag. However, given the large a priori transit probability of 7%, it is instructive to speculate about the transit signatures of various possible planet compositions. Using the models in Seager et al. (2007) , a 4 M ⊕ planet composed of pure Fe, MgSiO 3 , H 2 O, or H would yield planets of radius R pl = 1.2, 1.5, 2.0, and 4.5 R ⊕ , producing transits of depth 0.22, 0.35, 0.61, and 3.1 mmag, respectively. These homogeneous planet models are oversimplified, but set the scale for admixtures of those ingredients: transits of planets made of solids and water would have depths of ∼0.2-0.6 mmag, while transits of a planet with a significant atmosphere could be much deeper. For comparison, the transiting superEarth Corot-7 b has a transit depth of 0.36 mmag implying a radius R pl = 1.68 R ⊕ (Léger et al. 2009 ). Using the RV-determined mass M pl = 4.8 M ⊕ (Queloz et al. 2009 ), the bulk density is terrestrial, ρ pl = 5.6 g cm −3 . In contrast, GJ 1214 b has M pl = 6.6 M ⊕ and R pl = 2.7R ⊕ , implying ρ pl = 1.9 g cm −3 , intermediate between Earth and the ice giants of the Solar System. Transits of GJ 1214 b are unusually deep (15 mmag) for a planet of this size because it orbits an M dwarf with R ⋆ = 0.21 R ⊙ (Charbonneau et al. 2009 ).
Several authors (e.g. Ida & Lin 2004 , Mordasini et al. 2009 ) have argued that super-Earths will have insignificant hydrogen atmospheres (by mass) because during formation their masses failed to reach a critical mass (typically ∼10 M ⊕ ) when the growth from solid planetesimals is augmented by runaway accretion of gas from the protoplanetary disk. Smaller atmospheres (up to several per cent by mass) could be produced by degassing during impact accretion and geological activity Kite et al. 2009 ). However, whatever atmosphere is acquired from these processes may be lost to atmospheric escape (Baraffe et al. 2006; Valencia et al. 2009 ). Nevertheless, the brief history of exoplanets is replete with observational surprises (hot Jupiters, eccentric orbits, etc.) so we consider the observational consequences of an atmosphere. Adams et al. (2008) find that adding a H/He gas envelope equivalent to 0.2-20% of the mass of a solid 5 M ⊕ exoplanet increases the radius 8-110% above the gas-free value. Atmospheres dominated by heavier molecules such as H 2 O and N 2 (as on Earth) would swell the planet less for the same atmospheric mass because of the higher mean molecular weight and reduced scale height. Thus, we conclude that the APT photometric observations rule out transits for HD 156668 b if the radius is dominated by a H/He atmosphere (tens of per cent by mass), but do not preclude transits if the atmosphere is less massive or composed of heavier elements.
HD 156668 b adds statistical weight to the emerging trends of the properties of super-Earths and their hosts. Like most other such planets, it orbits a K or M dwarf. In contrast to other super-Earth hosts, HD 156668 has a slightly super-solar metallicity (Howard et al. 2009b ). The rate of multiplicity in systems with super-Earths and Neptune-mass planets appears to be much higher than for higher mass planet hosts, with HD 40307 (Mayor et al. 2009a ), GJ 581 (Mayor et al. 2009b) , and HD 69830 (Lovis et al. 2006 ) being the standard examples of multiplicity in low-mass systems. The long-period signal seen for HD 156668 is suggestive of a second lowmass planet in the system. HD 156668 b pushes the frontier of RV planet discovery to lower masses and smaller Doppler amplitudes. It is the second lowest minimum mass exoplanet discovered to date by the RV technique, after GJ 581 e (Mayor et al. 2009b) . With a Doppler semi-amplitude of 1.89 m s −1 , HD 156668 b is also only the second exoplanet discovered to date with K < 2.0 m s −1 . GJ 581 e is the other with K = 1.85 m s −1 and M sin i = 1.9 M ⊕ (Mayor et al. 2009b ). This progress is remarkable: 51 Peg b was discovered (Mayor & Queloz 1995) with M sin i = 0.47 M JUP and K = 57 m s −1 while the signal from HD 156668 b is smaller by factors of 35 and 30, respectively. However, we expect that true Earth analogs-1 M ⊕ planets in 1 AU orbits around G starswill remain permanently out of reach of the Doppler technique and will instead be discovered by transit photometry, astrometry, and microlensing. The Earth imparts a K = 0.09 m s −1 signal on the Sun, a factor of 20 smaller than HD 156668 b. Our Keck/HIRES observations of HD 156668 take ∼5 min to achieve 1 m s −1 precision; scaling to 0.1 m s −1 precision requires 100 times the photons and impractically long integration times. (A handful of exceptionally bright nearby stars such as α Cen A/B may be an exception (Guedes et al. 2008 ).) Moreover, stellar jitter, even when averaged over with long integrations, likely limits Doppler precision to a few tenths of a m s −1 for the most quiet stars. Longer period planets suffer from the additional disadvantage that only a few orbits transpire during an observational campaign (com-pared with ∼100 orbits for the discoveries of HD 155668 b and GJ 581 e), reducing their detectability by clock-like coherence.
Nevertheless, the future of the Doppler technique is bright and we expect that it will continue to play a prominent role in planet searches. Discoveries of superEarths and Neptunes from the Eta-Earth Survey will shape our understanding of planet formation and migration. Doppler work in other domains-long period giant planets, subgiants, multi-planet systems, dynamically interacting planets, Rossiter-McLaughlin measurements, etc.-will also continue to inform and enrich our knowledge of the rich astrophysics of exoplanets. 
